We investigated acute exercise-induced gene expression in skeletal muscle adapted to aerobic training. Vastus lateralis muscle samples were taken in ten endurance-trained males prior to, and just after, 4 h, and 8 h after acute cycling sessions with different intensities, 70% and 50% · VO 2max . High-throughput RNA sequencing was applied in samples from two subjects to evaluate differentially expressed genes after intensive exercise (70% · VO 2max ), and then the changes in expression for selected genes were validated by quantitative PCR (qPCR). To define exercise-induced genes, we compared gene expression after acute exercise with different intensities, 70% and 50% · VO 2max , by qPCR. The transcriptome is dynamically changed during the first hours of recovery after intensive exercise (70% · VO 2max ). A computational approach revealed that the changes might be related to up-and down-regulation of the activity of transcription activators and repressors, respectively. The exercise increased expression of many genes encoding protein kinases, while genes encoding transcriptional regulators were both up-and down-regulated. Evaluation of the gene expression after exercise with different intensities revealed that some genes changed expression in an intensity-dependent manner, but others did not: the majority of genes encoding protein kinases, oxidative phosphorylation and activator protein (AP)-1-related genes significantly correlated with markers of exercise stress (power, blood lactate during exercise and postexercise blood cortisol), while transcriptional repressors and circadian-related genes did not. Some of the changes in gene expression after exercise seemingly may be modulated by circadian rhythm.
INTRODUCTION
Long-term endurance training induces marked adaptive changes in skeletal muscle: increased mitochondrial volume, capillarization, and intracellular glycogen and fat stores [32] . These changes are associated with improved maximal oxygen consumption rate ( · VO 2max ) and aerobic performance. A lot of metabolites accumulate in blood and working skeletal muscle during acute endurance exercise. These metabolites, as well as mechanical stress, activate different signalling pathways and induce expression of many genes in working muscle during the first hours after a bout of acute exercise [14, 15, 23] .
Changes in the transcriptome in human skeletal muscle induced by acute endurance exercise have been investigated recently using DNA microarrays. The transcriptome changes were evaluated during the early (15 min-5 h) [3, 17, 21, 35, 38] and late (24-96 h) [17, 21, 35] 
Primary testing
Each subject performed intensive and low-intensity exercise sessions and exercise session (65 min, 70% or 50% · VO 2max ) started 1 h 45 min after the breakfast. Powers for intensive and low-intensity exercise were 3.2 (2.9-3.3) and 2.4 (2.2-2.5) W/kg body weight, respectively. Two hours after the exercise session, the participants ate a standardized lunch (3714 kJ, 45 g protein, 183 g carbohydrate, 27 g lipid). Capillary blood was drawn from the fingertip prior to, and at 20, 40, and 60 min after, initiation of exercise; lactate concentration was determined using a Super GL easy analyser (Dr. Mül-exercise (70% · VO 2max ). We investigated the effect of exercise under normal conditions in the feeding state: before and after the exercise our subjects ate a standardized breakfast and lunch, respectively.
High-throughput RNA sequencing (RNA-seq) was applied in several samples to evaluate differentially expressed genes. In the second part of our study, the changes in expression for selected genes were validated by quantitative PCR (qPCR). To define exercise-induced genes, we compared gene expression after acute exercise with different intensities, 70% and 50% · VO 2max , by qPCR. This approach allowed us to determine genes that demonstrated changed expression in an intensity-dependent manner.
MATERIALS AND METHODS

Ethical approval
The study was approved by the Human Ethics Committee of the Institute of Biomedical Problems (# 295). The study complied with the guidelines set forth in the Declaration of Helsinki. All the participants gave their written consent to participate in this study.
Initial testing
Ten amateur endurance-trained males [runners, cyclists, and cross country skiers with a median age of 23 years (interquartile range 20-27 years), weight 70 kg (66-72 kg), · VO 2max 61 ml/min/kg body weight (58-62 ml/min/kg body weight)] participated in this study.
During the first two visits to the laboratory, the participants were familiarized with the test procedures and completed an incremental
FIG. 1. Design of the study.
(A) Ten subjects performed two exercise sessions (70% and 50% · VO 2max ), in a random order, separated by 1 week. (B) RNA sequencing was applied in samples from two typical subjects to evaluate changes in transcriptome, and then the changes in expression for selected genes were validated by quantitative PCR in the samples of ten subjects as well as changes in some phosphoproteins.
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Intensity-dependent gene expression in skeletal muscle ler Gerätebau, Germany). Venous blood was drawn from the vena intermedia cubiti using a catheter prior to, and at 30 min after, the exercise session; the plasma concentration of cortisol was evaluated using an ELISA-Cortisol kit (Immunotek, Russia). Biopsies from the vastus lateralis muscle were taken using a microbiopsy technique [9] under local anaesthesia (2 ml 2% lidocaine) prior to, and at 2 min, 4 h, and 8 h after, exercise. The muscle samples were quickly blotted with gauze to remove superficial blood, and were frozen in corrected P level (P adj ) was 0.05. The RNA-seq data can be found at the Gene Expression Omnibus under accession number GSE86931.
The gene ontology (GO) analysis for the biological process (GO-TERM_BP_ALL) was carried out using DAVID 6.7 [12] . Then, the results of GO analysis were summarized by removing redundant GO terms and visualized using REViGO [37] . 
RNA extraction
RNA was extracted from the frozen samples (~20 mg) using an
RNeasy mini kit (Qiagen). After DNase (Fermentas) treatment, an MMLV RT kit (Evrogen) was used to obtain cDNAs, with 1 µg of total RNA, as described in our previous study [29] .
RNA-seq and data analysis
RNA-seq was used to identify targets for validation by qPCR.
Total RNA was taken from the samples of two typical subjects 
Real-time PCR
Real-time PCR was performed using a Rotor-Gene Q cycler (Qiagen) for the samples of all the subjects (n = 10) using EvaGreen master mix (Syntol) as described elsewhere [29] . The specificity of the amplification was monitored by analysis of melting curves and agarose (1%) gel electrophoresis. Each sample was run in triplicate, and a non-template control was included in each run. Target gene mRNA expression levels were calculated by the efficiency-corrected ∆Ct method [16] as PCR efficiency (E) was calculated using standard curves corresponding to the target and two reference genes (RPLP0, GAPDH).
The primer sequences are shown in Table 1 .
Western blot
Expression of phosphoproteins for the samples of all the subjects (n = 10) were evaluated using anti-phospho-Forkhead box protein antibodies (the latter three were all from Abcam, UK), and antirabbit secondary antibody (Cell Signaling, USA) as described elsewhere [29] . Luminescent signals were captured using a ChemiDoc imaging system (Bio-Rad, USA). All data are expressed as the ratio of target protein to GAPDH.
Statistics
Sample volumes were small with non-normal data distributions; therefore, the data have been expressed as medians and interquartile ranges. The Wilcoxon matched pairs signed-rank test with HolmBonferroni correction was used to compare repeated measurements in intensive and low-intensity exercise sessions. The relation between samples was evaluated by the Spearman rank correlation test at each time point. The level of significance was set at P≤ 0.05.
RESULTS
Physiological data
The physiological effects of intensive and low-intensity exercise ses-
sions (70% and 50%
· VO 2max , respectively) have been described in our previous study [29] . Briefly, intensive exercise increased the blood lactate level from 2. Changes in the transcriptome after intensive exercise (RNA-seq study)
We found that 199 and 177 genes changed their expression level Table 3 ).
Intensity-dependent gene expression (qPCR study)
Based on the results of the RNA-seq study, some regulatory genes were investigated by qPCR in samples from all the subjects. We For defined exercise-induced genes, correlations between the gene expression after exercise of different intensities and markers of exercise stress were investigated. Genes with post-exercise changes in expression that were significantly (P<0.05) correlated with either of these markers were considered as exercise-induced genes. We found that the genes encoding protein kinases, OXPHOS, and AP-1-related genes significantly correlated with markers of exercise stress, while transcriptional repressors and circadian-related genes did not ( Figure 3B ).
Intensity-dependent regulation of signalling
We used RNA-seq data and a computational approach (IPA) to predict the upstream transcriptional regulators playing a role in the activation and inhibition of differentially expressed genes after exer-exercise (r=−0.55 and −0.61, respectively, P<0.05 for both).
DISCUSSION
Exercise-induced transcriptome response
The present data showed that about 200 genes changed expression at 4 h and 8 h after intensive aerobic exercise, but only 68 genes showed overlap (Figure 2A ). It means that the transcriptome in endurance-trained skeletal muscle dynamically changed from the early to the middle stage of recovery.
It is well established that endurance training and acute endurance exercise induce mitochondrial biogenesis in skeletal muscle. More than 1000 genes have been shown to encode human mitochondrial proteins [2] . Surprisingly, we found no groups of GO terms related to mitochondrial biogenesis, oxidative reactions, or carbohydrate metabolism. Additionally, in our study only about 10 genes that encode mitochondrial proteins showed increased expression in response to the intensive exercise ( Figure 2B and 2C, Table 2 ). This weak response may be explained by the fitness level of our subjects.
Indeed, it has been shown that after 8 weeks of aerobic training the response of metabolic genes in skeletal muscle to acute exercise is substantially lower compared to the untrained state [35] . Therefore, Figure 2C) . It is quite possible that some of the changes in gene expression during 8 h after the exercise might be affected by circadian rhythm, but not by exercise per se. To reveal exercise-related genes, we evaluated changes in gene expression by qPCR after both intensive and low-intensity exercise sessions for all subjects. We found that some genes encoding transcriptional regulators changed their expression level in an intensity-dependent manner but others did not. In fact, all examined genes encoding protein kinases, OXPHOS, and AP-1-related genes increased expression in an intensity-dependent manner, while genes encoding repressors (HDAC9 and MAFG) decreased expression in an intensity-dependent manner ( Figure 3B ). In contrast, other transcriptional repressors (TLE1, KLF10, NFKBIA) and some circadian-related genes (ARNTL, PER1, KLF15)
changed expression in an intensity-independent manner. Expression of some genes seemingly may be modulated by both exercise and circadian oscillation. Thus, the expression of NR1D1 was decreased and positively associated with the intensity of exercise. This finding is in accordance with data showing that NR1D1 plays a role in the regulation of both circadian rhythm [5] and muscle oxidative capacity [39] . It means that, theoretically, an optimal period of day may be found to maximize the molecular response to acute exercise.
Intensity-dependent regulation of signalling
To predict upstream transcriptional regulators that are potentially involved in intensive-exercise-induced gene expression, the RNA-seq data and IPA were used. We found that the co-activator PPARGC1A
was the most significant exercise-induced transcriptional regulator and -G are well-described partners of PPARGC1A [34] . Recently SP1
and AP-1 have been shown to play a role in the PPARGC1A-controlled gene programme [1, 31] . Moreover, a role of SP1, as regulator of cytochrome c expression under conditions of increased contractile activity, has been confirmed previously in murine skeletal muscle cells [4] . ATF4 is a member of the ATF/CREB family, which may form the heterodimer AP-1 with proteins of the FOS/JUN family [7] and, therefore, may be involved in regulation of the PPARGC1A-controlled gene programme together with other AP-1-related proteins.
Other predicted transcriptional regulators that were up-regulated for 'protein kinases and phosphatases', and 'transcriptional regulators' families ( Figure 2D ). The genes encoding 'protein kinases and phosphatases' were up-regulated mainly at 4 h recovery, while the 'transcriptional regulators' family included both up-and down-regulated genes at both time points ( Figure 2D ). There were several OXPHOS- (Table 3) . Interestingly, NR4A3 was the most up-regulated (~45-fold) among all genes. Expression of NR4A3 in skeletal muscle is regulated by a CREB-dependent mechanism; NR4A3 protein up-regulates genes encoding many proteins involved in glycolysis, OXPHOS, and fat and carbohydrate metabolism, as well as expression of PPARGC1A via a canonical promoter [24, 25] . The well-described co-activators PPARGC1A (also known as PGC-1α), PPARGC1B [15, 34] , and nuclear receptor ESRRG [20, 30] play an important role in the regulation of mitochondrial biogenesis and angiogenesis in skeletal muscle. Notably, ESRRG is a key partner of PPARGC1A in skeletal muscle [1, 11] . Another important partner of PPARGC1A is the heterodimeric complex AP-1 [1] , which may include JUNB. The potent circadian regulator ARNTL regulates many circadian-related genes in skeletal muscle, as well as muscle-specific genes [36] .
Half of the genes related to the 'transcriptional regulators' family (Table 3) . It is logical to assume that the decreased expression of the transcription repressors is favourable to exercise-induced adaptation. However, it was surprising to find the decreased expression of several genes (NR1D1, KLF15, NCOA3) that have been described as positive regulators of muscle oxidative capacity [8, 39, 42] . For example, knock-down of NR1D1 in mouse resulted in deactivation of the AMPK-PPARGC1A axis, reduced mitochondrial content and muscle oxidative capacity, and a substantial decrease of aerobic performance [39] . We suggested that decreased expression of the genes is not related to exercise per se and is regulated via other stimuli.
Intensity-dependent expression of genes
Studies in mice have revealed that in non-exercised skeletal muscle, daily oscillation of many metabolic-related and muscle-specific genes occurs in a circadian-dependent manner, and depends on the expression of the circadian regulators Clock and Arntl [18, 19, 36] . In our study, the GO analysis showed that the expression of several genes after intensive exercise was connected with the 'rhythmic process' after the intensive exercise were FOXO1 and FOXO4. We confirmed that FOXO1 Ser256 was dephosphorylated (a marker of activation) in an intensity-dependent manner ( Figure 4B-C [6, 10, 40] . These findings may partially explain the physiological role of the intensity-dependent activation of FOXO1 in our study.
However, the upstream analysis predicted that the activity of formance [26, 41] . Therefore, the post-exercise suppression of NCOR1 activity may play an important role in the adaptation of human skeletal muscle to exercise.
The main limiting factor of the study is the sample size for RNAseq. We used RNA-seq to identify exercise-induced genes, and to predict exercise-induced biological processes and transcriptional regulators. The results of the RNA-seq study were confirmed for some genes in samples from all the subjects (n=10) by qPCR. However, future investigations are needed to confirm other results of the RNAseq study (GO analysis and IPA). Importantly, molecular responses to aerobic exercise in endurance-trained muscle may significantly differ from those in untrained skeletal muscle and/or from responses to other exercises (e.g. strength exercise, sprint exercise).
CONCLUSIONS
In this exploratory study we sought to examine exercise-induced overall changes in gene expression in endurance-trained skeletal muscle under normal conditions (in the feeding state) using RNA-seq.
After aerobic exercise at 70% 
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